Introduction
The heterogeneity of breast cancer calls for a deeper understanding of prognostic and predictive markers to improve breast cancer survival. The critical gaps in breast cancer research have recently been portrayed (1), and the androgen receptor (AR) was highlighted as an interesting prognostic and treatment-predictive marker because of its interplay with the estrogen receptor-a (ERa). Based on preclinical findings, Vera-Badillo and colleagues hypothesized AR to be a good prognostic marker in ER þ tumors, but a poor prognostic marker in ER À tumors (2) . However, this hypothesis was not confirmed in their meta-analysis of clinical studies. Moreover, high AR expression has been proposed as a positive predictive marker for endocrine treatment response; however, endocrine treatment type was not considered (3) . Conversely, preclinical data suggest that AR overexpression causes tamoxifen (TAM) and/or aromatase inhibitor (AI) resistance (4, 5) . Ongoing clinical trials with anti-androgens (6, 7) further highlight the need for additional studies of AR alone and in combination with ER in breast cancer (8) .
In a previous study, we reported a treatment predictive value of AR genotyping for adjuvant TAM, but not for AIs (9) . In this study, we hypothesized that the prognostic value of tumor AR expression may depend on ER status and have predictive value for endocrine treatment response. Our primary aim was to analyze AR expression in breast tumors from patients included in the prospective population-based BC Blood Study and to relate AR expression to patient and tumor characteristics. We also aimed to examine if germline AR genotypes were associated with AR tumor expression. Finally, we aimed to elucidate whether AR tumor expression was prognostic and/or predictive for endocrine treatment either alone or in combination with ER.
factors, which may be associated with prognosis and treatment response in primary breast cancer. Starting in October 2002, patients with primary breast cancers were invited to participate at the preoperative visit. Patients with a previous cancer during the last 10 years were excluded.
This study included patients enrolled between October 2002 and June 2012. After a written informed consent was signed, a questionnaire regarding lifestyle, reproductive factors, and medications was completed (10) . Blood samples were taken and body measurements, including breast volume, were recorded by a research nurse. Breast volume was defined as the total bilateral breast volume among patients without previous breast surgeries and was measured with plastic cups (11, 12) . Specific treatment data were collected from patient charts and follow-up questionnaires to enable assessment of adherence to the prescribed therapy (13) . Follow-up included additional questionnaires and collection of clinical data after 3 to 6 months, 7 to 9 months, and after 1, 2, 3, 5, 7, 9, and 11 years from inclusion. Information on breast cancer events and date of death was obtained from patient charts, the regional tumor registry, and the population registry. Genotyping of the six haplotypes tagging single nucleotide polymorphisms in the AR (rs1337080, rs17302090, rs6152, rs7061037, rs5031002, and rs5964607) was done as previously described (9) .
Between October 2002 and June 2012, a total of 1,116 patients were included. Patients who had received preoperative treatment (n ¼ 51) and patients with only ductal carcinoma in situ (n ¼ 39) were excluded. The total study cohort therefore consisted of 1,026 patients (Fig. 1) .
The study was approved by the Lund University Ethics Committee (Dnr LU75-02, LU37-08, LU658-09, LU58-12, and LU379-12).
Histopathologic analyses
Tumor tissue microarrays (TMA) were constructed by sampling cores from representative non-necrotic tumor regions of formalinfixed paraffin-embedded tissue blocks. Duplicate cores (1.0 mm) from the primary tumors were mounted into recipient blocks. For immunohistochemical analysis, 4-mm sections were automatically pretreated using the PT Link system and stained for the monoclonal antibody of AR (clone AR441, dilution 1:200; Thermo Scientific) in an Autostainer Plus (Dako).
A senior breast pathologist (Anna Ehinger) was consulted to ensure assessability and invasiveness of the TMA sections. Scoring was then performed twice independently (Karin Elebro), and blinded for clinical data. In cases of discrepancies (2%), a third scoring was done to reach consensus (Karin Elebro þ Signe Borgquist). Scoring included nuclear staining fractions (0%, 1%-10%, 11%-50%, 51%-75%, 76%-100%) and intensity score (negative, weak, moderate, strong). Tumors were considered AR þ , if more than 10% of the nuclei were stained, independent of intensity. In an alternative analysis, a cutoff of >75% of stained nuclei was used to define AR 75 positive tumors (AR 75 þ ). If the duplicate cores were heterogeneous, the fraction of positively stained nuclei was estimated across both sampled cores.
Tumor characteristics collected from patient charts and pathology reports included invasive tumor size, histologic grade, axillary lymph node involvement, ER, and progesterone receptor (PR) status (positive if greater than 10% nuclei were stained according to standard clinical practice in Sweden; refs. 14, 15). HER2 assessment was routinely analyzed as of November 2005 in patients younger than 70 years. HER2 status determined by FISH (16) was thus included in subgroup analyses of patients included in the study between November 2005 and June 2012 [n ¼ 738, of which 50 patients (6.8%) had missing HER2 status; Fig. 1 ].
Statistical analyses
All analyses were performed using SPSS Statistics 19 (IBM). The anthropometric variables weight (kg), height (m), body mass index (BMI; kg/m 2 ), and waist-to-hip ratio were used as continuous variables. Breast volume was analyzed as a continuous variable and as a dichotomous variable (!850 mL; yes/no) as per previous reports from this cohort (11, 12) . Reproductive factors such as age at menarche and age at first full-term pregnancy were used as continuous variables (years), whereas parity (yes/ no), current smoker prior to surgery (yes/no), and abstainer (yes/ no) were used as dichotomous variables. Information on treatment by last follow-up prior to any event was entered as dichotomous variables defined as patients who had received postoperative chemotherapy (yes/no), radiotherapy (yes/no), and endocrine therapy (yes/no), respectively. The endocrine therapy group was stratified according to TAM treatment (yes/ no) and AI treatment (yes/no). Trastuzumab treatment (yes/no) was entered as a covariate in subgroup analyses of patients included as of November 2005. Tumor characteristics were categorized as invasive pathologic tumor size (pT; 1-4 or 2þ), pathologic axillary lymph node involvement (pN; yes/no) or number of involved lymph nodes (0, 1-3, 4þ), and histologic grade (I-III or I-II vs. III).
Associations between patient and tumor characteristics and AR status were assessed. Because some variables were not normally distributed, the Mann-Whitney U test was used. Categorized variables were analyzed using c 2 tests and logistic regression; ORs with 95% confidence intervals (CI) are presented.
Disease-free survival (DFS) in relation to AR status was assessed by the Kaplan-Meier method and the LogRank test. Crude and adjusted Cox proportional hazards regression models provided HRs with 95% CIs. Adjustments were performed using four models. or ER À AR þ ) were used in the remaining multivariable analyses, using ER þ AR þ as the reference group.
Survival was calculated from inclusion to a first breast cancer event, death from non-breast cancer related cause or last follow-up by June 30, 2014, whichever came first. Patients with distant metastases detected on the postoperative metastases screen at 0.3 years of inclusion (n ¼ 8) or earlier were excluded from the survival analyses. Finally, patients with tumors without available AR status (n ¼ 113) were excluded, resulting in 905 patients in the survival analyses (Fig. 1) . Breast cancer events were defined as local or regional recurrences, contralateral cancer, or distant metastases.
Prior power calculations assuming 900 patients with an accrual interval of 10 years and additional follow-up time of 0.5 years and a frequency of 15% AR À tumors showed that the study was able to detect true HRs between 0.731 and 1.403 with 80% power and a of 5% (power and sample size calculation program, PS, version 3.0, developed by Dupont and Plummer; http://biostat.mc.vanderbilt.edu/wiki/Main/). P values < 0.05 were considered significant. All P values were two-tailed. Because this was an exploratory study, nominal P values are presented without adjustments for multiple testing. The report follows the REMARK criteria (17) .
Results

AR in relation to patient characteristics
Eighty-nine percent of the patients had tumors for which AR status were available (n ¼ 913). The majority of tumors were AR þ (n ¼ 776, 85.0%; Fig. 1 ). Higher age at diagnosis was significantly associated with AR þ (Table 1) . This association remained significant among patients younger than 50 years (P ¼ 0.008), indicating that the association was driven by the younger patients (Supplementary Table S1 ). Smaller breast volumes (<850 mL) were more common among patients with AR þ tumors (Table 1) .
This association was more apparent among patients aged less than 50 years, where an association was seen both for the continuous (P ¼ 0. (Table 2) .
AR and DFS Patients were followed for up to 11 years (median follow-up for patients still at risk 5.0 years), and 107 events were observed. In general, patients with AR À tumors had significantly worse prognoses compared with patients with AR þ tumors ( Fig. 2A ; Table 3 ).
However, stratification by ER status revealed AR was a positive prognostic marker in patients with ER þ tumors, but conferred a worse prognosis in patients with ER À tumors ( Fig. 2B-D ), a variable for discordant ER and AR status was constructed. Tumors of discordant ER and AR status demonstrated significantly worse prognosis compared with concordant ER and AR status in all multivariable models, including model 4, which was based on the subgroup of patients with data on trastuzumab treatment (Table 3) .
AR as a treatment-predictive marker
Tumor AR status did not provide a treatment predictive value for adjuvant chemotherapy alone or in combination with endocrine treatment. This was analyzed among all patients who ever received chemotherapy, and in patients with ER À tumors who received chemotherapy only, as well as in patients with ER þ tumors who received chemotherapy followed by endocrine treatment (all LogRank Ps !0.17). To explore whether AR status had a treatment predictive value for endocrine treatment, patients with ER þ tumors who had not received chemotherapy were included in further analyses. Further, patients aged less than 50 years were excluded because AIs are rarely prescribed to premenopausal patients. Tumor AR status did not provide a prognostic value among patients who never received endocrine treatments (Fig. 3A) . However, AR À was predictive of early failure of sequential treatments with TAM/AI or AI/TAM (Fig. 3B) . The association was weaker among patients who had ever received TAM, including those sequentially treated with AIs (Fig. 3C) , whereas the predictive value of AR remained strong in the subgroup of patients who had ever received AIs, including those sequentially treated with TAM (Fig.  3D) . To further differentiate between TAM and AIs, patients with endocrine monotherapy were analyzed separately. Still, AR À suggested early failure of AI treatment (Fig. 3F) , whereas no predictive value was found for patients who received TAM alone (Fig. 3E) . 
Discussion
In this study, the prognostic value of AR expression was significantly different depending on the ER status of the tumor. Concomitant AR and ER expression was associated with superior prognosis compared with all other AR/ER combinations. In contrast, AR expression among ER À tumors presented a worse prognosis than ER À AR À tumors. Similar findings have been reported by others (18, 19) . No association was seen between tumor AR expression and the AR germline diplotypes, which we previously reported were associated with response to TAM but not AI treatment (9) . In contrast, lack of tumor AR expression was predictive of early failure of AI treatment among postmenopausal patients who never received chemotherapy. To our knowledge, this has not been reported previously.
The prognostic role of tumor AR expression in ER þ breast cancer has consistently been reported to be associated with favorable clinical outcomes (18) (19) (20) (21) (22) (23) (24) . Results from clinical studies on ER À breast cancer have, however, been inconsistent, demonstrating positive or negative as well as no associations of AR with clinical outcomes (2, (18) (19) (20) (25) (26) (27) . Many factors may have contributed to the reported inconsistent results; small sample sizes, heterogeneity of study populations, selection of included studies in the meta-analyses and lack of standardized methods and cutoffs for AR assessment but also for ER assessment, and the biologic heterogeneity among ER À tumors.
The differential role of AR depending on ER status has been suggested to be related to the competitive interaction between AR and ER (20) . In the presence of ER, AR interacts with estrogen response elements on ER, blocking downstream estrogen target genes; thus, inhibiting ER-stimulated tumor growth (28, 29) . In the absence of ER, AR instead interacts with androgen receptor elements and functions as an oncogene promoting tumor growth (28) . Recently, three reviews highlighted this complexity and called No. of events for awareness when implementing AR-targeting agents in clinic practice; certain settings might require anti-androgens, whereas in other settings androgen agonists, such as selective androgen receptor modulators (30) , might be warranted (8, 26, 31) . In this study, a significant interaction between AR and ER expression with respect to DFS was found, indicating the importance of stratifying according to ER status in analyses of the prognostic value of AR. In accordance with this finding, results from the Nurses' Health Study also reported that AR positivity confers a negative prognosis for patients with ER À breast cancer and demonstrated a formal interaction analysis, which to our knowledge has not been performed by other groups. Further, it was shown that discordant ER and AR expression conferred a worse prognosis than concordant ER and AR expression (19) , which corresponds to the findings from our multivariable analyses. Previous studies on endocrine treatment have, to the best of our knowledge, not reported the predictive value of AR stratified by type of endocrine treatment. However, this would be of value because TAM and AI inhibit breast cancer growth by different mechanisms (28) . The AIs block androgen conversion to estrogens, resulting in very low circulating estradiol levels (34) . They might also confer higher androgen levels during treatment (35) . Studies have indicated that increased androgens and AR expression following AI treatment may contribute to reduced tumor cell proliferation. This was explained by the growth inhibitory effect of androgens via the AR being revealed in the low estrogen environment (36, 37) . Recently, Patani and colleagues compared the transcriptional response with the AI anastrazole with the transcriptional response to the selected ER downregulator, fulvestrant. Compared with anastrazole-mediated estrogen reduction, fulvestrant treatment induced a stronger and more differential transcriptional response, potentially attributable to arrest of estrogen independent ERa activity. The study suggested the involvement of AR associated genes, and it would therefore be of future interest to evaluate AR status in relation to fulvestrant treatment response (38) .
Hickey and colleagues have suggested there may be scope for revisiting the combination TAM and androgen treatment in the subgroup of patients not reaching optimal blockage by TAM alone (28) . The preclinical findings indicating AR overexpression as a novel mechanism of endocrine resistance (4, 5) could not be confirmed in our study. When analyses were repeated using the high cutoff AR 75 , the finding of early events among patients with AR 75 À tumors remained. Thus, our results indicate that patients with ER þ AR À do not benefit from AIs and that alternative treatment strategies should be considered for this group of patients. Because the associations between AR 75 status and conventional tumor characteristics and prognosis were less pronounced, and the interaction between AR and ER status disappeared, the original cutoff (>10%) for AR þ was assumed to be more biologically relevant and of higher clinical utility to guide clinicians in terms of prognosis and treatment selection.
Other groups have previously used the same antibody with a cutoff at 10% or lower (19, (39) (40) (41) (42) . The AR/ER ratio has been reported to predict endocrine resistance (43) . Unfortunately, our data do not allow assessment of the AR/ER ratio. We also did not find associations between AR and chemo/endocrine therapy, as previously shown by others (3, 21) . A strength of this study is that it was a large prospective population-based study. Participation and follow-up rates were high, and included and nonincluded patients were similar with respect to age and tumor characteristics (9, 44) . However, the follow-up was relatively short, and the majority of patients had ER þ tumors, which tend to metastasize late (45) . Because the study was population-based, no randomization of treatment was performed. Thus, analyses of the potential treatment predictive value of AR status were restricted to comparisons within treatment groups. Also, patients with more aggressive disease tended to be treated with AIs rather than TAM only. For example, patients aged 50 and older with ER þ tumors who received AI only were over 30-fold more likely to have node positive disease than those treated with TAM only. Because AR and ER are often coexpressed, the expected number of AR À tumors in the analyses of endocrine treatment response was low and the subgroup analyses should therefore be interpreted with caution. No predictive value was seen within the chemotherapy group; however, chemotherapy regimens differed somewhat during follow-up. Ki67 analysis was routinely introduced as of March 2009 (9), and thus were not incorporated in the present study, although it would be of interest in future studies. The distribution of patient and tumor characteristics for patients with available AR status was comparable with those without available AR status, suggesting that TMAs were representative.
In conclusion, the prognostic value of AR expression was significantly different depending on the ER status of the tumor. Patients with discordant ER and AR tumor expression had significantly worse prognosis compared with patients with concordant ER and AR tumor expression. Depending on the combined ER/AR status, patients may benefit from new treatment options, such as anti-androgens or selective androgen receptor modulators. Finally, AR negativity was found to be predictive of early failure of AI but not TAM treatment, a finding that warrants confirmation in a randomized setting.
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